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Abstract
Liquid rocket engines, or LREs, have served a key role in space exploration efforts. One
current effort involves the utilization of liquid oxygen (LOX) and liquid methane (LCH4) LREs
to explore Mars with in-situ resource utilization for propellant production. This on-site production
of propellant will allow for greater payload allocation instead of fuel to travel to the Mars surface,
and refueling of propellants to travel back to Earth. More useable mass yields a greater benefit to
cost ratio. The University of Texas at El Paso’s (UTEP) Center for Space Exploration and
Technology Research Center (cSETR) aims to further advance these methane propulsion systems
with the development of two liquid methane – liquid oxygen propellant combination rocket
engines.
The design of rocket engines, specifically liquid rocket engines, is complex in that many
variables are present that must be taken into consideration in the design. A problem that occurs in
almost every rocket engine development program is combustion instability, or oscillatory
combustion. It can result in the destruction of the rocket, subsequent destruction of the vehicle and
compromise the mission. These combustion oscillations can vary in frequency from 100 to 20,000
Hz or more, with varying effects, and occur from different coupling phenomena. It is important to
understand the effects of combustion instability, its physical manifestations, how to identify the
instabilities, and how to mitigate or dampen them.
Linear theory methods have been developed to provide a mathematical understanding of
the low- to mid-range instabilities. Nonlinear theory is more complex and difficult to analyze
mathematically, therefore no general analytical method that yields a solution exists. With limited
resources, time, and the advice of our NASA mentors, a data driven experimental approach
utilizing quarter wave acoustic dampener cavities was designed. This thesis outlines the
v

methodology behind the design of an acoustic dampening system for a 500 lbf and a 2000 lbf
throttleable liquid oxygen liquid methane pintle injector rocket engine.
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Chapter 1: Introduction
Liquid rocket engines, or LREs, have served a key role in space exploration efforts. The
current effort is the utilization of liquid oxygen (LOX) and liquid methane (LCH4) LREs to
explore Mars with in-situ resource utilization for propellant production. This on-site production of
propellant will allow for more payload instead of fuel to travel to the Mars surface, and refueling
of propellants to travel back to Earth. More useable mass yields a greater benefit to cost ratio.
The University of Texas at El Paso’s cSETR (Center for Space Exploration and
Technology Research) with the partnership of NASA’s (National Aeronautics and Space
Administration) Johnson Space Center, aims to further the advancement of these propulsion
technologies. A major project of the center is the first methane propulsion system to be fired in
space. The 500 lbf rocket engine propelled suborbital demonstrator vehicle aims to advance
LOX/LCH4 propulsion systems. In parallel, the center is developing a 2000 lbf rocket engine to
propel a vertical lander vehicle. NASA’s Minority University Research and Education Program
(MUREP) grant funded this research. The goal of the grant is to provide students the opportunity
to do research in the aerospace field. This grant has provided funding for graduate research
assistant employment, prototype rocket injectors, monopropellant research, guidance navigation
and control, and propulsion systems of different types. Our team’s primary research objective is
to further the advancement of LOX/LCH4 propulsion systems.
UTEP’s cSETR is focused on meeting aerospace industry demands and research efforts as
NASA continues to expand mankind’s presence in our solar system. The NASA Human
Exploration and Operations Mission Directorate’s mission is to land humans on Mars. Liquid
methane propulsion technology research is a step closer to completing that mission.
1

Two LOX and LCH4 propellant combination rocket engines are being developed at the
cSETR. The smaller of the two is dubbed the Centennial Restartable Oxygen Methane Engine, or
CROME. It is a 500 lbf 4:1 throttleable propulsion system meant for a three-phase suborbital
demonstrator vehicle, DEADALUS. This final stage vehicle will be launched via a first stage
sounding rocket where it will perform a series of six ten second firings of a varied thrust sequence
at 90 miles above sea level, as shown in Figure 1.1, while sending performance data back to earth.

Figure 1.1: DEADALUS D-3 Flight Profile

The larger of the two rockets is known as the CROME – X. This engine will deliver 2000 lbf with
a 4:1 throttleability ratio. It is main propulsion system for a three-phase vertical lander, JANUS,
similar to NASA JSC’s Morpheus Project. JANUS end objective is to collect data from a series of
hovering maneuvers at an altitude of approximately 20 feet, as shown in Figure 1.2.
2

Figure 1.2: JANUS J-3 Flight Profile

The basic operational parameters of each engine are described in detail in Chapter 2. This
paper is intended to give an overview of both engines, however will not discuss in detail the design
process for both engines. This thesis serves as a guide to the acoustic instability dampening system
design approach for both engines.

3

Chapter 2: Engine Design Overview
The CROME and CROME – X design is discussed in detail in thesis written by Jesus Trillo
(CROME) and Israel Lopez (CROME – X), respectively. Derivations of equations, detailed design
choices, and rocket theory will not be discussed. Certain design decisions as they pertain to
combustion instability performance will be discussed. The basic description, function, operational
parameters, and envelopes of the engine are discussed in Section 2.1 and Section 2.2. It is important
to understand what the vehicles’ operational requirements are for both engines.
SECTION 2.1: PINTLE INJECTOR
Both CROME and CROME – X utilize a pintle injector for the injection method. A pintle
injector is different from other types of injectors due to its distinguished injection characteristics
and geometry. The concept of the pintle injector is shown in Figure 2.1.

Figure 2.1: Pintle Injection Concept (Dressler & Bauer, 2000)
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A pintle creates a fan of propellant mixture into the combustion chamber using the momentum
collision of the fuel and oxidizer. One of the propellants flows from an axial sheet of liquid along
the outer diameter of the pintle post from an annulus. The other propellant flows separately through
a centrally located passage redirected radially by the pintle post tip/head. The impingement point
is within the chamber distance down the axis of the post from the injector face, also known as the
skip distance. Figure 2.2 a), b), and c) gives a better visual representation of the annulus injection,
radial injection, and the combination of both flows.

Figure 2.2 a): Outer Annulus Injection (Dressler & Bauer, 2000)

Figure 2.2 b): Inner Radial Injection (Dressler & Bauer, 2000)
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Figure 2.2 c): Combined Injection (Dressler & Bauer, 2000)

Pintle injectors are well known for their deep throttling capabilities, low cost compared to
impinging type injectors, and high combustion efficiency. Pintle injectors typically deliver high
combustion efficiency in the range of 96-99%1. Deep throttling is done using an actuation
mechanism that displaces the sleeve of the pintle post axially. This displacement increases or
decreases the flow of both propellants into the chamber. A key advantage of the pintle injector to
note is its resistance to combustion instabilities partially due to resulting toroidal zones shown in
Figure 2.3.

1

(Dressler & Bauer, 2000)
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Figure 2.3: Pintle Injection Recirculation Zones

These zones act as propellant rich zones that mixes and deflects unburned droplets, and cools the
injector face via evaporation of impinging droplets of liquid propellant1. These recirculation zones
act as dampeners for any high combustion instabilities within the chamber. Although research
states this, there is no hard data shared publicly on a LRE pintle injector using a propellant
combination of liquid methane and liquid oxygen.
Pintle injectors have been developed and tested since 1957. They are not as widely used
because of their lower performance compared to other injector types, such as an unlike impinging
injector type. A cost comparison of an impinging injector design and the current pintle injector
designed showed a significant reduction. The decision to use a pintle injector for both engines was
a cost effective, simpler decision to complete the mission objectives. Another primary reason for
selecting the pintle injector was its throttling capability.
SECTION 2.1: CROME 500 LBF
CROME is a bi-propellant rocket engine which utilizes a LOX/LCH4 propellant
combination injected through a fixed pintle type injector. The propulsion system is fed by a helium
7

regulated pressure feed system. This pressure feed system supplies the propellant combination to
12 cSETR reaction control engines (RCEs) and CROME. The use of cryogenic liquid propellants,
for this engine size, allows for smaller tanks and a lighter system. Cryogenic propellants also
produce a higher specific impulse (Isp, like gallons per mile for cars) than gaseous propellants,
thus perform better. The lighter the vehicle, the cheaper it is to put into sub-orbit. Each pound of
payload put into space can be estimated to cost approximately $10,000, so weight is a major design
consideration2. The weight also contributes to which class of sounding rocket for the first stage is
required. The higher the weight, the next class of rocket must be used, thus increasing the price for
launch.
2.1.1 Component Configuration and Geometry
CROME consists of five major components; the thrust chamber, injector plate/body,
manifold cap, pintle post, and the acoustic cavity tubes. This design does not integrate an actuation
mechanism for deep throttling via the injection ports. The throttling of the engine will be done
using throttling v port valves upstream of the engine. The decision to move forward with a fixed
pintle design was delegated by timeline, mission, acoustic instability dampening, cost, and
simplicity. Shown in Figure 2.4 a) is a half section view of the parts that make up CROME for the
D-1 (DEADALUS - 1) phase. Figure 2.4 b) shows the overall dimensions and envelope of the
engine. D-1 is a testing stage for the rocket and the propulsion components. The figure shows the
components assembled using a bolted configuration.

2

(Drachlis, n.d.)
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Figure 2.4 a): CROME Section View of Components

Figure 2.4 b): CROME Size Envelope
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The D-1 phase is the first configuration of the engine designed to gather data from an
interchangeable set of parts. The D-2 phase is a more permanent assembly configuration of the
engine components, and integrates the testing of the RCEs. The geometry of the holes of the pintle
post for example, can be changed using a different manifold cap and pintle post subassembly (it is
a weldment). The same can be said for the acoustic cavity tubes. If a tube fails, it can be changed
with a new one. The objective is to gather temperature profiles of the thrust chamber, acoustic
cavity entrance temperatures, combustion oscillation frequencies, and static pressure
measurements. The chamber contains 27 thermocouple ports along the length and circumference,
three dynamic pressure transducer ports on the flange, and a static pressure transducer port on the
chamber. With the data collected from D-1, changes can be made to the design if necessary, and a
welded design can be derived for D-2. See Chapter 6 for the detailed validation methodology for
CROME D-1.
2.1.2 Operational Requirements
The engine operational requirements are summarized in the table below. The mission
requires a thrust of 500 lbf throttleable 4:1 at sea level, a propellant combination of LOX/LCH4,
a pressure fed system, and a steady state engine. The other requirements listed were derived to
meet the mission requirements.

10

Table 2.1: DEADALUS Requirements

Requirement

Definition / Value

Thrust, (Ft)

125 – 500 lbf (4:1 throttleability)

Operation Pressure

12.8 psia (ambient), and 0 psia (space)

Propellants

LOX/LCH4 (Liquid Oxygen/Liquid Methane)

Propellant Tank Pressure

400 psia

Cooling Method

Film Cooling

Reaction Control Engines
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Table 2.2 Derived Engine Requirements

Requirement

Definition / Value

Chamber Pressure (Pc)

70 – 235 psi

Specific Impulse (Isp)

227s (sea level), 330s (vacuum w/o cooling)

Injector Type

Pintle Injector

Nozzle Shape &

Bell Shape

Expansion Ratio (𝝐)

𝜖: 1.6 for sea level testing, 30 for space operation

Mixture Ratio

Combustion: 2.7

Type

Steady State Engine

Material

Inconel 625 (Injector Components)
Inconel 715 (Thrust Chamber)

Cooling Method

≤ 30% fuel film cooling

Envelope

≤ 14.5 Diameter ; ≤ 24 “ Length

11

The CROME engine is currently being manufactured at the time of this thesis. The design
requirements for each component and assemblies are complete, finite element analysis (FEA)
verifying structural and thermal integrity is completed, and the manufacturing GD&T (Geometric
Dimensioning & Tolerancing) drawings approved and quoted. See the conclusion and future work
chapter for more information.
SECTION 2.2: CROME – X – 2000 LBF
Much like the CROME, the CROME – X is a bi-propellant liquid oxygen liquid methane
propellant combination rocket engine. However, CROME – X is the main engine of vertical lander,
JANUS. The objective of the three-phase project is to design, test, and build a vertical lander with
a propulsion system utilizing a 2000 lbf 4:1 throttleable gimballed rocket engine and 5 reaction
control engines. The engine discussed will be the engine utilized for testing the first phase of
JANUS (J -1). J-1, like D-1 will be a static test to ensure the design not only works but can achieve
the mission requirements. For the second phase (J-2), a more permanent CROME-X configuration,
JANUS will be tethered to test the second version of the engine and the reaction control engines.
The third phase has JANUS propel itself approximately 20 feet into the air using CROME – X and
the reaction control engines to maintain stability, rotate, and land safely in a designated location
displaced from the location of take-off.
2.2.1 Configuration and Geometry
The design for the CROME – X was initially a welded design, however supervisory staff
and the team decided to mimic the design of CROME. This decision has maintained consistency
in the design process and increased work efficiency. This approach also maintains the
interchangeability principle for a test article. The components of CROME – X are the thrust
12

chamber, injector body/plate, manifold cap, acoustic cavity blocks, and the pintle post. These
components are assembled together using a bolted configuration, shown in Figure 2.5 a). The
dimensions are shown in Figure 2.5 b).

Figure 2.5 a): CROME – X Section View of Components
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Figure 2.5 b): CROME – X Size Envelope

Phase one of the engine as shown aims to collect the same data as CROME D-1. The thrust
chamber contains 39 thermocouple ports down the chamber length and around it’s circumference
(not shown in Figure 2.5), a static pressure transducer port, and three dynamic pressure transducer
ports on the flange. The instrumentation used and validation methodology is further discussed in
Chapter 5.
2.2.2 Operational Requirements
The engine design requirements are governed by the vehicle requirements defined in Table
2.3. The requirements listed have been deemed critical by supervisory staff. The derived
requirements listed in Table 2.4 are put in place to meet the vehicle’s mission requirements.

14

Table 2.3: JANUS Requirements

Requirement

Definition / Value

Thrust, (Ft)

500 – 2000 lbf

Operation/Ambient Pressure

Steady-State / Pa – 12.8 psia

Propellants

Liquid Oxygen & Liquid Methane (LOX/LCH4)

Maximum Envelope Size

< 2.5 ft (Diameter) x 4 ft long

Min System Specific Impulse

145 seconds @ 2000 lbf thrust

Max Tank Pressure

400 psia

Reaction Control Method

5 Reaction Control Engines
Gimballed Main Engine

Table 2.4: Derived Engine Requirements

Requirement

Definition / Value

Chamber Pressure

75.2 – 232.8 psia

Engine Type

Steady State

Injector Type

Pintle Injector

Nozzle Shape &

Conical (15°)

Expansion Ratio (ε)

ε : 2.7

Component Materials

Thrust Chamber: Inconel 715
Injector Components: Inconel 625

Mixture Ratio (MR)

Combustion: 2.7
System: 1.89

Acoustic Dampening Method

Acoustic Blocks
15

CROME – X will be undergoing a design review with supervisory staff and some mentors
at JSC. Finite Element Analysis is being run on the individual components and assemblies given
operational boundary conditions to validate structural and thermal integrity. The GD&T drawings
are complete and can be updated with ease if any design changes are required.
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Chapter 3: Introduction to Combustion Instabilities
Combustion instabilities, or unstable oscillations, have been present in almost all rocket
propulsion development programs. These instabilities were discovered in solid- and liquidpropellant rocket engines in the late 1930s at about the same time3. Combustion chambers of
propulsion systems contain these high-density energy releases, have relatively low losses and favor
both excitation and sustainment of oscillations. These oscillations if not treated with some form of
passive control can lead to engine failure, and subsequently failure of the mission.
Combustion instabilities are physically manifested through pressure, however do also
affect temperature and vibration as a result. The best method of detection of combustion instability
is the measurement of chamber pressure.
SECTION 3.1: EFFECTS
Combustion instabilities, if not mitigated, can cause a wide range of issues. The following
are the main effects resulting from a combustion instability2:
1. Destructive vibration resulting in instrumentation or propulsion component damage.
2. Thrust magnitude and vector altering.
3. Uncontrolled impulse.
4. Damage to thrust chamber, throat, thrust stand structure, propellant lines and/or injector
due to rapid increase of heat transfer coefficient.
5. Increase/decrease in combustion efficiency dependent on atomization and vaporization rate
of propellant mixture, instability type, and combustor design performance.

3

(Yang & Anderson, Liquid Rocket Engine Combustion Instability, 1995)
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These oscillations can be a result of poor injection design. If propellant is being injected into the
chamber in a non-uniform profile, a combustion instability could result. Some other factors may
include: a less than 20% pressure drop of propellant from the feed line to the chamber pressure,
low injection velocity, or too much unburned fuel into the combustion chamber.
SECTION 3.2: FREQUENCY MODE CLASSIFICATION
Pressure frequency measurements can vary anywhere from 100 to 18,000 Hz and at
amplitudes anywhere from 10 to 1000 percent of an engine’s steady state chamber pressure. These
pressure oscillations are typically identified by the respective frequency range it falls into, and how
the system is affected. The three types of combustion instabilities are high-, low-, and intermediatefrequency instabilities discussed in more detail in the following sections.
3.2.1: High Frequency Instabilities
High frequency instability is also known as resonant combustion or acoustic
instability, because of the relationship with the acoustic resonances of the chamber. It is also
known in the rocket community as “screeching”, or “screaming”. The larger range of frequencies
are the most destructive type of combustion instability and thus the focus of the acoustic absorber
design. High frequency instabilities are categorized to be higher than 1000 Hz and can range in
amplitude of pressure up to 1000 percent. If not mitigated or managed properly they can cause
catastrophic engine failure within milliseconds. Most of the effects discussed in Section 3.1 are
caused by this type of instability. These instabilities cause acoustic modes that closely match that
of a close cylindrical volume. An acoustic analysis of a closed chamber corresponding to the
combustion chamber is based on solving the wave equation (Eq. 3.1) with boundary conditions
appropriate to the configuration. The transverse eigenvalues associated with the acoustic 1/c are
shown in Table 3.1.
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𝟏 𝝏𝟐

(𝒂

𝟐

𝟐
𝒄 𝝏𝒕

− 𝛁 𝟐 ) 𝒑(𝒙, 𝒕) = 𝟎

(3.1)

Where a is the speed of sound, the subscript c denotes the flow state inside of the enclosure, or
combustion chamber. The acoustic pressure fluctuation at time t and location x is governed by this
equation4. The natural acoustic modes of a cylindrical cavity are described in further detail in
reference [4].
Table 3.1: Transverse Eigenvalues for Different Modes

Mode

m

n

𝝀𝒎𝒏

1T

1

0

1.8412

2T

2

0

3.0542

3T

3

0

4.2012

1R

0

1

3.8317

2R

0

2

7.0156

1T1R

1

1

5.3314

1T2R

1

2

8.5363

The eigenvalues shown correlate with their respective transverse modes. The three types of modes
that can occur within a chamber are shown in Figure 3.1. A visual representation of the pressure
waves within the chamber are shown in Figure 3.2. The axial component, longitudinal mode, and
transverse component, tangential and radial modes. Combinations of these modes can also occur.
The acoustic chamber modes are a function of the geometry of the chamber and the sound speed
of the gas/mixture within the chamber. Detailed analysis is discussed in Chapter 5.

4

(Rona, 2005)
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Figure 3.1: High Frequency Instability Modes (Huzel & Huang, 1992)

Figure 3.2: Transverse Acoustic Pressure Mode Visual Representations (Melcher J. C., Morehead, Radke,
& Hurlbert, 2013)
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Unlike low frequency instabilities, high frequency instabilities are not heavily injection
coupled. The energy source that sustains these types of instabilities comes from the propellant
combustion and weekly dependent on the pressure feed system. Each wave affects the propellant
combustion strongly enough that sustaining energy is added directly to that wave 5. This typically
occurs within half of the period of the wave. To note, analysis have shown that high-frequency
coupling between pressure oscillations and the atomization process is attributed to the combustion
gas velocity perturbation interaction with the atomizing propellant.

3.2.2: Low Frequency Instabilities
Low frequency instabilities, also known as “chug”, is generally accepted as being under
several hundred hertz. This instability can begin at a large wavelength low amplitude sinusoidal
wave shape that grows linearly. It can also manifest from a coupling between the combustion
process and the injector face plate. The face plate essentially acts as an “oil can” and can cause
non-uniformity in the propellant atomization and injection, resulting in chug. Another instance of
chug occurred within the regenerative cooling jacket. The combustion chamber pressure
perturbations flexed the jacket wall structure, initiating a low frequency instability.
Some methods of eliminating low frequency instabilities includes; increasing the pressure
drop in the injector, increasing fluid inertance (larger Length/Diameter ratio), or decreasing
chamber volume.
3.2.3: Intermediate Frequency Instabilities
Intermediate frequencies range can range from approximately 400 – 1000 Hz. This range
is also known as buzzing. If not managed appropriately these instabilities can grow into high

5

(Harrje & Reardon, 1972)
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frequency instabilities. This is a secondary effect of poor injector design. A major driving
mechanism for intermediate frequency instabilities is coupling with the feed system. However,
they can be tied to the injection as well. Consensus for these types of instabilities states that if low
frequency instabilities are managed with good pressure feed system and injector design, the
absorber design can focus on high frequency instabilities.
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Chapter 4: Acoustic Dampening Mechanisms

There are several methods to trying to eliminate the growth or occurrence of high frequency
instabilities. All the mechanisms discussed in the following sections have been implemented or
tested on engines of different configurations and provides a basic guide to their use.
SECTION 4.1: ACOUSTIC CAVITIES
Acoustic cavities, or acoustic absorbers, is a cavity filled with combustion gases and
propellant mixture that act as a spring dampener system. This gaseous mixture absorbs the energy
from the vibration enabling the dampening effect on the pressure waves.
The three most common types of acoustic dampeners are quarter-wave resonators, halfwave resonators, and Helmoltz resonators. The key different between the resonators is the
geometry and how the resonant lengths and required volumes are calculated for each frequency
mode of interest.

Figure 4.1: Three types of resonators a) Helmholtz, b) Quarter-wave, and c) Half-wave Types. (Sohn &
Park, 2011)
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Figure 4.1 shows the basic geometry difference for the three types of resonators. A quarter wave
resonator is a constant diameter tube/slot with a closed end. The half-wave resonator is open at
both ends, and the Helmholtz resonator consists of a small volume connected with the combustion
chamber through an orifice. Both quarter-wave and Helmholtz resonators have been successfully
used to dampen high frequency oscillations.
The cavity orifices of these orifices experience a maximal response with strong acoustic
velocity oscillations. The formation of these vortices dissipates acoustic energy, through viscous
losses, vortex generation and turbulent dissipation at the cavity exit. The design of these cavities
is not clearly defined, especially with the many engine configurations possible. Tuning of
resonators can be difficult because of the change in temperature profile along the cavity lengths.
An approximation can be used, and a careful consideration in the design approach.
SECTION 4.2: ACOUSTIC LINERS
Acoustic liners are comprised of many absorbers typically along the chamber wall as
shown in Figure 4.2. This would be ideal for Helmhotz absorbers for example.

Figure 4.2: Acoustic Liner of F-1 Engine (Douglass, Combs, & Keller, 1974)
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Typically, one method of acoustic liner design involves a thrust chamber wall from the injector to
the nozzle convergence lined with many distributed resonators. The other method is a limited
number of resonators used of a portion of the chamber.
The location of the acoustic liners and partitions need to be considered. The most effective
location is a single-row or multiple-row configuration of absorbers near the injector. However,
the exact location has been highly critical in some cases, and less important in others. The partitions
are necessary to prevent circulation of combustion gases in the cavities. Figure 4.3 shows a layout
of partitions that prevent hot gas from entering upstream orifices and exiting downstream, and
minimize overheating and wall erosion.

Figure 4.3 Acoustic Liner with Absorber Partitions

SECTION 4.3: BAFFLES
Face baffles are used to prevent high frequency modes and revolves around the theory that
the most dangerous instability lies at the vicinity of injector atomization. This design feature works
by minimizing force couples and gas dynamic forces within the chamber, typically near the injector
face. The use of baffles to prevent transverse acoustic modes of combustion instability have been
successful, however have little to no effect longitudinal modes or feed system coupled modes.
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Baffles vary in geometric configuration. They modify the acoustic resonance properties
and the oscillatory flow pattern near the injector plate/face6. Another theory is that the formation
of vertices at the blade edges aides in the dissipation of energy, this increasing dampening. An
image of a baffle is shown in Figure 4.4.

Figure 4.4: Baffle Configuration for Gemini Engines (Douglass, Combs, & Keller, 1974)

Baffles do add complexity to the design of your injector. Face baffles will also require
some form of cooling. An example of this is shown in Figure 4.5.

6

(Yang & Anderson, Liquid Rocket Engine Combustion Instability, 1995)
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Figure 4.5: Cooling Channels for Baffle Blade on F-1 Engine Injector (Douglass, Combs, & Keller, 1974)

Two methods of cooling baffles are employed; dump cooling and regenerative cooling.
Regenerative cooling refers to the re-use of liquid propellant after it has cooled a certain
component of the rocket engine, typically the combustion chamber and nozzle walls. Dump
cooling refers to the dumping of liquid propellant into the chamber to be used strictly for cooling.
Whichever method is chosen, two requirements must be satisfied7.

7

(Douglass, Combs, & Keller, 1974)
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1. The total heat absorbed by the coolant must equal the gas-side heat flux. Results of
not meeting this requirement include a net vaporization of any coolant, and
decomposition deposits can form clogging passages. Both occurred during the F-1
engine development.
2. Liquid velocity of the passages must be kept sufficiently high to avoid peak heat
flux to the coolant. This is particularly critical at any local point where the gas-side
heat transfer is highest.
The gasification rate of methane regenerative cooling methods is currently being studied at the
cSETR using an experimental setup.
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Chapter 5: Absorber Design Approach

The possibility of high-, low-, and intermediate- frequencies occurring is probable,
therefore the engine should be designed to mitigate them accordingly. The low to intermediate
frequency instabilities are a result of injection, pressure feed system, and structure coupling. An
example leading to a low frequency instability would be poor pressure drop across the injector.
Because the injector has been designed with a minimum of 20% pressure drop across the injector,
low to intermediate frequency instabilities are not the target of an instability absorber system
design.
High frequency instabilities are the most destructive, and thus deemed critical. The
approach to dampening or minimizing these instabilities uses a simplistic experimental approach
backed by data from previous engine firings. A study by Sohn and Park (Chae & Ju, 2011) resulted
in the Helmholtz resonator having the highest damping capacity of the three resonator types, and
the half wave resonator having the lowest. The quarter wave resonator is favorable because at a
shorter resonant length than the half wave resonator, has greater theoretical dampening. The
Helmholtz resonator although shows the greatest of the three, would require added complexity to
the engine, higher cost, additional manufacturing, and would be more difficult to tune. Using
quarter wave cavities, the resonant length of the cavities can be adjusted during testing.
SECTION 5.1: ACOUSTIC ANALYSIS
The frequency of acoustic oscillations in a combustion chamber is a function of the gas
sound speed and the chamber geometry8. High frequency instabilities closely match that of the
acoustic wave motion of a perfect cylindrical geometry. The steps used to determine resonant
lengths of the cavities are explained in the following subsections.

8

(Huzel & Huang, 1992)
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5.1.1 Equilibrium Sound Speed
Determining the frequency modes of the thrust chamber requires the equilibrium sound
speed of the combustion chamber. The acoustic velocity, or sound speed, is predicted using
equilibrium chemistry for conditions of complete combustion.

Utilizing Alexander

Ponomarenko’s Rocket Propulsion Analysis (RPA) software a temperature profile, Figure 5.1, and
other composition properties, Table 5.1, of the chamber was generated. RPA uses NASA’s
Chemical Equilibrium with Applications (CEA) library for rocket engine analysis, to determine
the thermodynamic properties of different propellants9.

Figure 5.1: Rocket Propulsion Analysis

9

(Ponomarenko, 2015)
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To calculate the speed of sound for any gas the following equation is used:

𝒄𝒔𝒐𝒖𝒏𝒅 = √

𝜸𝑹𝑻𝒈

(5.1)

𝑴

Where γ is the specific heat constant of the combustion gases, R is the universal gas constant, M
is the molecular mass of the combustion gasses, g is the gravitational constant (32.174 ft/s^2) and
T is the combustion temperature. The units used and the values calculated are referenced in Table
5.1.
Table 5.1: Chamber Sound Speed Calculation Using RPA Output

Chamber Sound Speed Properties and Calculation
Properties

Value

Units

Gamma

1.1434

Unitless

R

1545.349

Ft lb/lbmol R

T

4230

R

0.0727

lb/ft^3

Viscosity

6.77e-05

lb/ft s

MW

19.1022

ft/s

c (sound speed)

3548

ft/s

90% c

3193

ft/s

Density

5.1.2 Frequency Mode Calculation
Using the sound speed of the combustion chamber, the resonant acoustic mode frequencies
can be calculated using the Eq. 5.2:
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𝒇𝒍,𝒎,𝒏 =

𝒄
𝟐𝝅

𝟐

𝟐

√(𝝀𝒎𝒏) + (𝒍𝝅)
𝑹𝒄

𝑳𝒄

(5.2)

Where l, m, and n are the acoustic mode numbers (0, 1, 2, 3, etc.), c is the speed of sound, λ is the
mode transverse eigenvalue from Table 3.1, Rc is the chamber radius, and L is the effective
acoustic length. The effective acoustic length is the distance between the faceplate and the nozzle
throat minus half of the converging nozzle length10. The calculated acoustic frequencies for
CROME and CROME – X are shown in Table 5.2, and 5.3.
Table 5.2: Calculated Resonant Acoustic Modes and Frequencies for CROME.

10

Acoustic

Resonant Frequency

Modes

(Hz)

1L

5095.6

2L

10191.3

3L

15286.9

1T

6416.5

1T1L

8193.7

2T

10643.8

2T1L

11800.7

1R

13353.4

1R1L

14292.6

2R

24449.2

2R1L

24974.5

3T

14641.1

(Yang & Anderson, Liquid Rocket Engine Combustion Instability, 1995)
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Table 5.3: Calculated Resonant Acoustic Modes and Frequencies for CROME – X

Acoustic

Resonant Frequency

Modes

(Hz)

1L

2428.3

2L

4856.7

3L

7285.0

1T

3940.0

1T1L

4628.2

2T

6535.7

2T1L

6972.2

1R

8199.4

1R1L

8551.5

2R

15012.6

2R1L

15207.8

3T

8990.1

The open area ratio is an important factor to consider in the design. Designing an acoustic absorber
for each of these mode is not a good approach. The L modes tend to dissipate with the convergent
section of the nozzle. The 1T, 2T and 3T modes have been deemed critical. Theses modes were
also targeted in the development of the HD4 Morpheus engine.
It is important to note that there is error introduced in the resonant frequency calculation.
The assumptions for the equation assume a closed perfect cylindrical geometry. This method is a
good starting point however in the approach to absorber design.
5.1.3 Resonant Lengths
The following equation is used to calculate the resonant length for each acoustic mode:

𝒇𝒐 =
33

𝒄
𝜶(𝒍𝑹 +𝚫𝒍)

(5.3)

Where 𝒇𝒐 is the resonant frequency, c is the local absorber sound speed (different from the
combustion sound speed), α is 4 (4 for quarter wave, 2 for half wave absorbers), LR is the resonant
length and Δl is the mass correction factor.
The mass correction factor for low frequency modes is typically:

𝚫𝒍 = 𝟎. 𝟖𝟓 ∗ 𝑫𝒄𝒂𝒗

(5.4)

Where Dcav is the diameter or width of the acoustic absorber. Rewriting Eq. 5.3 and solving for
the resonant length for modes 1T, 2T, and 3T results in resonant lengths of 1.61, 0.86, and 0.55
inches. The main assumption made for this calculation is the local absorber temperature of 1600
F. This starting point is derived from test data gathered from absorber cavity temperature
measurements of the HD4 Morpheus engine. Because the temperature or composition of the gas
mixture may not be as predicted, the design must accommodate for marginal error. The 90%
equilibrium sound speed within the chamber is varied by +/- 100 ft/s to accommodate for this
margin and its results are calculated in Table 5.4. These lengths will be used for the additional
absorber cavities needed to achieve the appropriate fractional open area discussed in the following
subsection.
Table 5.4: Marginal Resonant Lengths for 1T, 2T, and 3T Modes

CROME

CROME - X

+100 ft/s

-100 ft/s

+100 ft/s

-100 ft/s

Res. Length (in.)

Res. Length (in.)

Res. Length (in.)

Res. Length (in.)

1T

1.03

0.94

1.69

1.54

2T

0.56

0.50

0.91

0.82

3T

0.36

0.32

0.59

0.52

Mode
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5.1.4 Fractional Open Area
The fractional open area (FOA) is further aides the dampening of the instabilities. The FOA
is the fraction of the absorber open face area to the injector face area.

Figure 5.2: Stability Results from Testing Unbaffled LMA Engine (Douglass, Combs, & Keller, 1974)

Experimental results from engine development programs shows the significance of FOA in an
unbaffled combustion chamber. Figure 5.2 shows empirical data obtained for an LMAE (Lunar
Module Ascent Engine) type of hardware. An FOA of approximately 0.17 or above is desired and
showed significantly more stable combustion. For the design of the HD4, the margin was set to an
FOA of 0.2 or above. This governs the amount of absorbers necessary, and configuration.
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Both CROME and CROME – X will be configured with a majority of absorbers set to
prevent the 1T mode. Subsequently, the 2T mode absorbers with the second highest number of
absorbers, and the 3 T with the least amount. This is based on the HD4 engine configuration11.
5.1.5 Geometry and Configuration
Many of the research articles points to the use of tubular absorber cavities, however many
configurations have been implemented with varied success. The HD4 for example, used an angled
acoustic tube configuration on a like-on-like impinging injector type of engine and resulted in
instabilities. Many geometrical configurations were tested to determine their effect on combustion
instability. Figure 5.3 shows different inlet conditions for dogleg designed acoustic absorbers. The
dogleg acoustic absorber has been shown to help mitigate transverse acoustic instabilities.

Figure 5.3: Acoustic Cavity Inlet Condition Testing Results (Aerojet, NASA-JSC, 1975)

11

(Melcher J. C., Morehead, Radke, & Hurlbert, 2013)

36

The figure shows that subtle changes in the surface transition can influence the dampening
characteristics of the absorber. The curved transition at the inlet seems to have a marginal
instability affect, and choked inlet even more so. This data supports our decision to design a dogleg
set of cavities of constant width with a curvature transition upward as shown in Figure 5.5.

Figure 5.4: Acoustic Cavity Overlap Testing Results (Aerojet, NASA-JSC, 1975)

The inlet displacement from the vertical section of the absorber also plays a role in its
dampening characteristics. From the tests performed one can deduce that the larger the
displacement, the less stabilities. CROME is displaced 0.12 inches, and CROME – X 0.25 inches.
An odd number, unsymmetrical layout and dogleg acoustic absorber shape have been shown to
prevent the locking of tangential modes.
The configuration, and design decisions overall are driven by a simple, cost effective
approach compared to the other dampening mechanisms. Adjustable quarter-wave cavities give us
a test-driven approach that is less expensive than the complex acoustic liners and face baffle
integration. Less high precision components added to the assembly, the cheaper the engine. For
example, an impinging injector was designed in the summer of 2016. The many high precision
holes drove the cost to twice that of the current engine configuration. Our goal is to minimize cost,
and approach the design in a simple yet most effective way.
37

Figure 5.5: Acoustic Absorber Configuration of CROME

Figure 5.6: Acoustic Absorber Configuration of CROME – X (Lopez, 2017)
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Figures 5.5 and 5.6 show a cross section of acoustic absorber portions of the engines. CROME
will utilize an adjustable screw design to adjust the resonant lengths of the absorbers and CROME
– X, to meet the minimum open area ratio of 0.22 will utilize adjustable blocks. For both
configurations, an unsymmetrical configuration tends to help prevent locking of tangential modes.
17 equally spaced absorbers are allocated for CROME, and CROME – X will host 15 acoustic
block absorbers. A similar configuration for the acoustic blocks of CROME – X is shown in Figure
5.7. The layout of the acoustic blocks for each respective mode is preliminary, however upon
further review will be defined indefinitely.

Figure: 5.7: Acoustic Cavity Block Layout
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Chapter 6: Validation Methodology

Combustion instabilities can physically manifest themselves as temperature fluctuations in
the chamber wall, vibration oscillations of the entire system, and pressure fluctuations within the
combustion chamber. Chamber wall temperature will be measured using thermocouples placed
throughout the chamber wall in critical locations; vibrations will be measured using
accelerometers; and pressure will be measured using both dynamic and pressure transducers. The
primary determinant that a combustion instability is present in your chamber however is the
measurement of the pressure. Analyzing the percentage increase in the chamber pressure will
indicate if an instability is present. Another key objective of validation is the temperature near the
orifice of the acoustic cavities, as this is the area of the most activity, or dampening. The following
describes the role of the instrumentation and an introductory discussion on how to analyze the
data. Further research and mentorship is required in the following months of this thesis.
SECTION 6.1: INSTRUMENTATION
The instrumentation used will verify assumptions made in the calculations leading to this
point. If the temperature readings of our test do not align with that of our assumptions, changes
can be made to the resonant lengths of our absorber cavities, and so forth. The data gathered will
also help to understand the acoustic instabilities that occur in both combustion chambers, how they
correlate to performance, how they differ, and how to analyze that data accordingly. To note, the
placement of the instrumentation for both engines is nearly identical except for the number of
instrumentation ports. The real estate available above the injector governed this number.
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Figure 6.1: NASA-JSC HD4 Morpheus Engine PT and Accelerometer Data

Shown in Figure 6.1 is an example of an analysis on the results of the HD4 version of the
NASA JSC Morpheus engine. The top plot in the figure shows the measurement of pressure
transducers at different locations tangentially near the injector plate. You can see an instability was
triggered upon lean chilling of the injector. At two seconds, the instability begins to grow in
pressure amplitude and then decays upon throttling the engine to a higher chamber pressure. The
accelerometer data shown in the second plot displays the three axes of movement, or vibration, the
engine experienced. At the point of throttling up, a significant decrease in vibratory oscillation
results. This is the type of analysis and data collection that will be utilized for both engines. The
following subsections are the instrumentation to be used and how. Much of the approach for the
instrumentation layout and approach is thanks to JC Melcher of the NASA JSC group.
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6.1.1 Dynamic Pressure Transducers
Dynamic pressure transducers will capture the ‘rule of thumb’ high frequency instability
of 15-20% amplitude of the chamber pressure12. When amplitudes reach above this range, it is safe
to say there is an instability present. The layout of the PTs will be as follows: two separated by
102°, and another displaced angularly by approximately 130°. In Figure 6.2 (shown below) the
dynamic PTs are three with counterbored diameters. The thinner diameter ports are for
thermocouples. These PTs may be out of shift with the static PT measurement, but with many tests
characterization of the relationship between the two will help diagnose phenomenon.

Figure 6.2: PT and TC Layout in Thrust Chamber Flange

The dynamic PTs will have to withstand high temperatures, therefore currently chosen is the PCB
Model 176A02 high temperature, or similar. The PCB has a continuous working temperature is -

12

(Melcher & Morehead, 2014)
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90° to 1200° F. The pressure measurement range is 725 psi. If spikes in pressure do exceed 100%
amplitude, it will be captured by the device. An image of the PT is shown below in Figure 6.3.
Thermal shifting may occur. For example, a 1L hum may move from ~2200 Hz to ~1500 Hz by
the end of the test. This is due to the instrumentation itself and not the actual acoustic tone. As
they heat up, they thermally shift frequency.

Figure 6.3: Model 176A02 PCB Dynamic Pressure Transducer

6.1.2 Static Pressure Transducer
The static pressure PT is critical to confirming the theoretical chamber pressures desired to
achieve our thrust levels. An optimal placement of these PTs would be flush on the chamber wall,
but would require a water cooling system. Mentors at JSC recommend mounting the PT on the
chamber with a 0.5 in. sense line.
Because a water cooling system would add complexity and delay our timeline, it has been
decided to move forward without one. The test runs first performed will be fired for no more than
10 seconds. These short duration tests will prove combustion instability and should keep the
instrumentation intact. Following these short duration tests, confirming stability, longer duration
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tests can follow. At this point it may or may not be decided to integrate a water cooling system,
because it is the first phase of testing. JSC gave up on these systems during testing.
6.1.3 Accelerometer
The accelerometer will be mounted to the injector-chamber flange by a thick bolt steel
plate. The accelerometer must be able to achieve a sampling rate of 25kHz. The accelerometer will
help to better understand which mode and instability the engines experience. The sampling rate
used for the HD4 Morpheus engine was 102 kHz. A specific accelerometer has not yet been
selected for purchasing.
6.1.4 Thermocouples
Thermocouples will be utilized to confirm temperature assumptions at the orifice inlets of
the acoustic cavities. The inlet portion of the cavities is where most of the dampening occurs.
NASA JSC used thermocouples at different lengths within the cavity to determine what the best
temperature assumption is to determine resonant length. The data confirmed the entrance
temperature was most critical to determining resonant length of the cavities. The thermocouples
used will be Omega K type.
SECTION 6.2: INTERPRETATION OF TEST DATA
It is necessary to interpret the identifying characteristics of the waveforms that exist within
the thrust chamber. Several methods have been utilized to reconstruct these characteristics in order
to positively identify which mode or modes of resonant combustion the chamber is experiencing.
The recording of a single pressure transducer will provide the pressure versus time at a single point
along the circumference of the combustion chamber. Using multiple transducers at different
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locations on the circumference of the chamber allows for the reconstruction of the pressure profiles
within the chamber. Three commonly used techniques are13:
1. Produce a pressure vs angular position vs time plot of the analog data using multiple
transducers at different angular locations along the circumference of the chamber. For a
single wave period, the time history of the pressure profile can be observed. See Figure 6.4
a) and b). This requires numerous instantaneous pressure measurements, and does not
require the measurement of the phase angle between recordings. Good for sinusoidal
waveforms with high signal-noise ratios.
2. Measuring the phase relationship between the pressure traces and the maximum peak-topeak amplitude for each trace during the wave period. Figure 6.5 illustrates this. This
technique measures the fractional wave period a peak positive pressure on one trace lags
or leads compared to that of a reference trace. Good for sinusoidal waveforms with high
signal-noise ratios.
3. The third technique is used when the waves are steep fronted. Irregular, or have secondary
perturbations. This method involves constructing a reference timeline on the analog
recording and measuring the number of times, from that reference, that the first five to ten
positive pressure peaks are recorded on each trace. Plotting these reference times versus
the angular position of the transducers, the path can be reconstructed as a function of time
and angular position. This covers several wave periods rather than a single period, or cycle.
An illustration of this is provided in Figure 6.6.
A more detailed discussion of mode identification methods is discussed in Chapter 9 of reference
[12].

13

(Harrje & Reardon, 1972)
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Figure 6.4: a) Analog Pressure Recordings of Idealized Standing Transverse Mode of Instability and b)
Transducer Locations and Amplitude-Angular Position-Time Diagram (Harrje & Reardon,
1972)
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Figure 6.5: Analog Pressure Recording, Phase, and Amplitude Diagrams (Harrje & Reardon, 1972)

Figure 6.6: Pressure Analog Measurement with Phase and Amplitude Diagram (Harrje & Reardon, 1972)
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Chapter 7: Conclusion and Future Work
Combustion instability was discovered in both solid- and liquid-propellants around the late
1930s. The study of instabilities began in the 1940s, and has been studied in some form or another
to this day. It is a complex topic, with many research articles that still introduces a great deal of
uncertainty. After all combustion is a chaotic process that can be difficult to model and fully
understand. During the Apollo program, one of the engines was designed, tested, and showed
negligible instabilities. The exact same engine was replicated, and during testing showed
combustion instabilities. Because of the complex nature of these combustion instabilities, an
experimental passive control approach, backed by literature and mentorship, was taken.
SECTION 7.1: FUTURE WORK
At the time of this thesis, CROME is still being outsource manufactured and is expected to
be delivered in the coming months. CROME-X still needs to undergo further design reviews with
supervisory staff and NASA JSC mentors. The following are the main objectives to be completed
for mission success and advancement in research:
•

Manufacturing and associated modifications of acoustic cavity tubes and screws for
CROME needs to be completed before CROME’s delivery date.

•

CROME – X design reviews need to be approved. GD&T drawings have been
completed, and can be updated if any changes need to be done to the design
following the reviews. The manufacturing process of quoting and selecting a
vendor can begin following drawing approval.
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•

The validation procedure and software development needs to be completed. Similar
data acquisition is being developed for the RCEs, but needs to be adapted to include
the dynamic pressure transducer measurements.

•

The instrumentation discussed in the paper needs to be purchased, calibrated, and
integrated into both CROME and CROME – X before testing.

•

Testing of CROME is set to late 2017 to early 2018. CROME – X is set to early
2018.
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Appendix
A.1 EQUILIBRIUM SOUND SPEED SAMPLE CALCULATION
The governing equation to calculate the speed of sound is the following:

𝜸𝑹𝑻
𝒄𝒔𝒐𝒖𝒏𝒅 = √
𝑴

Where γ is the specific heat ratio, R is the universal gas constant, T is the adiabatic flame
combustion temperature, and M is the molecular weight.

𝑱

𝒄𝒔𝒐𝒖𝒏𝒅 = √

𝟏. 𝟏𝟒𝟑𝟒 ∗ 𝟖. 𝟑𝟏𝟒 (
) 𝟐𝟑𝟓𝟎(𝑲)
𝒎𝒐𝒍∗𝑲
𝟎. 𝟎𝟏𝟗𝟏 (

𝒌𝒈

𝒎𝒐𝒍

𝒄𝒔𝒐𝒖𝒏𝒅

=√

𝟐𝟐𝟑𝟑𝟗. 𝟔𝟑 (

)

𝒌𝒈∗𝒎𝟐 /𝒔𝟐

𝟎. 𝟎𝟏𝟗𝟏 (

𝒎𝒐𝒍
𝒌𝒈

𝒎𝒐𝒍

)

𝑱

𝒄𝒔𝒐𝒖𝒏𝒅 = √

)

𝟏. 𝟏𝟒𝟑𝟒 ∗ 𝟖. 𝟑𝟏𝟒 (
) 𝟐𝟑𝟓𝟎(𝑲)
𝒎𝒐𝒍∗𝑲
𝟎. 𝟎𝟏𝟗𝟏 (

𝒌𝒈

𝒎𝒐𝒍

)

𝒄𝒔𝒐𝒖𝒏𝒅 = √𝟏. 𝟏𝟔𝟗𝟔𝒆𝟔 (𝒎𝟐 /𝒔𝟐 )
𝒎
𝒄𝒔𝒐𝒖𝒏𝒅 = 𝟏𝟎𝟖𝟏. 𝟒𝟖𝟕 ( )
𝒔
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𝒎
𝒇𝒕
𝒄𝒔𝒐𝒖𝒏𝒅 = 𝟏𝟎𝟖𝟏. 𝟒𝟖𝟕 ( ) ∗ 𝟑. 𝟐𝟖(𝒄𝒐𝒏𝒗𝒆𝒓𝒔𝒊𝒐𝒏 𝒇𝒂𝒄𝒕𝒐𝒓) = 𝟑𝟓𝟒𝟕. 𝟐𝟕 ( )
𝒔
𝒔
[𝟗𝟎 % 𝑬𝒒𝒖𝒊𝒍𝒊𝒃𝒓𝒊𝒖𝒎 𝑺𝒐𝒖𝒏𝒅 𝑺𝒑𝒆𝒆𝒅]
𝒇𝒕
𝒇𝒕
𝒄𝒔𝒐𝒖𝒏𝒅 = 𝟑𝟓𝟒𝟕. 𝟐𝟕 ( ) ∗ 𝟎. 𝟗 = 𝟑𝟏𝟗𝟑. 𝟐𝟕 ( )
𝒔
𝒔
A.2 FREQUENCY MODE SAMPLE CALCULATION
The governing equation to determine the resonant frequency mode is the following:

𝒇𝒍,𝒎,𝒏

𝒄
𝝀𝒎𝒏 𝟐
𝒍𝝅 𝟐
√(
=
) +( )
𝟐𝝅
𝑹𝒄
𝑳𝒄

𝑳𝒄 = 𝑳𝒄𝒉 + 𝑳𝒄𝒐𝒏𝒗𝒆𝒓𝒈𝒊𝒏𝒈
Where 𝑓𝑙,𝑚,𝑛 is the resonant frequency for the mode numbers: l is the longitudinal mode number,
m is the tangential mode number, and n is the radial mode number. Where 𝜆𝑚𝑛 is the transverse
eigenvalue (with respect to m and n) from Table 3.1, Rc is the chamber radius, and Lc is the
effective length. The effective length is the addition of the combustion length and half of the
converging portion of the nozzle. The calculation shown is for the CROME geometry for the 1T1L
acoustic mode.
𝒇𝒕

𝒇𝟏,𝟏,𝟎 =

𝟑𝟏𝟗𝟑. 𝟐𝟕 ( )
𝒔
𝟐𝝅

𝟐
𝟐
𝟏. 𝟖𝟒𝟏𝟐
(𝟏)𝝅
√(
) +(
)
𝟎. 𝟏𝟒𝟓𝟖𝟑 (𝒇𝒕)
𝟎. 𝟑𝟏𝟑𝟑 (𝒇𝒕)
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𝒇𝒕
𝟏
𝒇𝟏,𝟏,𝟎 = 𝟓𝟎𝟖. 𝟐𝟐𝟒 ( ) √𝟐𝟓𝟗. 𝟗𝟓𝟔𝟓 ( 𝟐 )
𝒔
𝒇𝒕
𝒇𝒕
𝟏
𝒇𝟏,𝟏,𝟎 = 𝟓𝟎𝟖. 𝟐𝟐𝟒 ( ) 𝟏𝟔. 𝟏𝟐𝟑 ( )
𝒔
𝒇𝒕
𝟏
𝒇𝟏,𝟏,𝟎 = 𝟖𝟏𝟗𝟒. 𝟏𝟖 𝑯𝒛 ( )
𝒔
A.3 RESONANT LENGTH SAMPLE CALCULATION
The governing equation to determine the resonant length for the respective resonant
frequency is the following:

𝒇𝒐 =

𝒄
𝜶(𝒍𝑹 + 𝚫𝒍)

𝚫𝒍 = 𝟎. 𝟖𝟓 ∗ 𝑫𝒄𝒂𝒗
Where c is the local absorber sound speed assumption (or temperature measured dependent), α is
2 or 4 depending on if the resonator is a half- or quarter-wave resonator, respectively, 𝑙𝑅 is the
resonant length, and Δ𝑙 is the mass correction factor shown below the governing equation.
Rearranging the equation yields:

𝒍𝑹 =

𝒄
− 𝚫𝒍
𝒇𝒐 ∗ 𝜶

The sound speed was calculated using an assumed temperature of 1600 F.

𝒍𝑹 =

𝟐𝟒𝟕𝟓. 𝟕 (𝒇𝒕/𝒔)
𝟏

𝟔𝟒𝟏𝟔. 𝟓 ( 𝒔 ) ∗ 𝟒
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− 𝟏. 𝟕𝟕 ∗ 𝟏𝟎−𝟐 𝐟𝐭

𝒍𝑹 = 𝟕𝟖. 𝟕𝟓 ∗ 𝟏𝟎−𝟑 𝒇𝒕 = 𝟎. 𝟗𝟒𝟓 𝒊𝒏.
A.4 OPEN AREA RATIO CALCULATION
The CROME-X acoustic cavity block configuration will be used for this sample
calculation. The governing equation to calculate the open area ratio is the following:

𝑨𝒃𝒔𝒐𝒓𝒃𝒆𝒓 𝑪𝒂𝒗𝒊𝒕𝒚 𝑨𝒓𝒆𝒂
= 𝟎. 𝟐𝟐 (𝑺𝒆𝒕 𝒗𝒂𝒍𝒖𝒆 𝒂𝒃𝒐𝒗𝒆 𝟎. 𝟐)
𝑪𝒉𝒂𝒎𝒃𝒆𝒓 𝑪𝒓𝒐𝒔𝒔 𝑺𝒆𝒄𝒕𝒊𝒐𝒏𝒂𝒍 𝑨𝒓𝒆𝒂

𝑨𝒃𝒔𝒐𝒓𝒃𝒆𝒓 𝑪𝒂𝒗𝒊𝒕𝒚 𝑨𝒓𝒆𝒂 = 𝑨𝒄𝒂𝒗 = 𝝅 ∗ 𝑫𝒄𝒉 ∗ 𝒘𝒄𝒂𝒗

𝑪𝒉𝒂𝒎𝒃𝒆𝒓 𝑪𝒓𝒐𝒔𝒔 𝑺𝒆𝒄𝒕𝒊𝒐𝒏𝒂𝒍 𝑨𝒓𝒆𝒂 =

𝝅 𝟐
𝑫
𝟒 𝒄𝒉

Where Dch is the chamber diameter (fixed design value), and wcav is the width of the quarter
wave absorber slot. Because of the acoustic ring configuration, the width is the important variable
to meet the fractional open area ratio requirement. Setting the fractional open area ratio, one can
work backwards to determine what the wcav must be for an acoustic block configuration.

B.1 ACOUSTIC ABSORBER DESIGN EXCEL PROGRAM
The following is a set of snapshots for the CROME – X excel program used to calculate sound
speed, acoustic frequency modes, resonant lengths, and other absorber characteristics. The location
of the absorber analysis excel programs for CROME and CROME – X respectively are:
•

02 NASA MIRO\02 Projects\01 LO2-LCH4\04 500 lbf Engine\03 Analysis\Combustion
Instabilities\CROME Chamber Acoustic Frequency Mode Calculations
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•

02 NASA MIRO\02 Projects\01 LO2-LCH4\03 2000 lbf Engine\03 Analysis\2K Chamber
Acoustic Frequency Mode Calculations

Figure B.1: Equilibrium Sound Speed Calculation
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Figure B.2: Frequency Mode Calculation 100% & 90% Equilibrium Comparison
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Figure B.3: Absorber Configuration Determination
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Figure B.4: Resonant Length Calculation for Different Configurations
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